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Abstract 
The cytochromes c are a useful model for the study of the pathways and mechanisms of assembly of the cofactor- 
containing components of energy transducing membranes. Genetic analyses have identified proteins that are required for the 
assembly of c-type cytochromes in mitochondria, bacteria nd chloroplasts. The components of the pathway operating in 
fungal and animal mitochondria, i.e. the cytochrome (cyt) c and c I heme lyases in the intermembrane space, were identified 
over a decade ago through the study of cytochrome deficiencies in Neurospora crassa and Saccharomyces cerevisiae. More 
recently, a large number of membrane or membrane-associated components were identified in various a- and ",/- 
proteobacteria as c-type cytochrome assembly factors; they comprise an assembly pathway that is evolutionarily and 
mechanistically distinct from that in fungal and animal mitochondria. The components function not only in the lyase 
reaction but also in the delivery and maintenance of the substrates in a state that is suitable for reaction in the bacterial 
periplasm. Yet a third pathway is required for cytochrome maturation i  chloroplasts. Genetic analyses of Chlamydomonas 
reinhardtii ccs mutants, which are pleiotropically deficient in both the membrane-anchored cytochrome f and the soluble 
cytochrome c 6, revealed a minimum of six loci, plastid ccsA and nuclear CCS1 through CCS5, that are required for the 
conversion of the chloroplast apocytochromes to their respective holo forms. Sequence analysis of the cloned ccsA and Ccsl 
genes indicates that the predicted protein products are integral membrane proteins with homologues in cyanobacteria, some 
gram-positive bacteria (Bacillus subtilis, Mycobacterium spp.), 13-proteobacteria (Neisseria spp.) and an e-proteobacterium 
(Helicobacter pylori). CcsA and Ccsl require each other for accumulation i vivo and are therefore proposed to function in 
a complex, possibly with the products of some of the other CCS loci. A tryptophan-rich motif, which has been proposed to 
represent a heme binding site in bacterial cytochrome biogenesis proteins (CcmC and CcmF), is functionally important in 
plastid CcsA. As is the case for CcmC and CcmF, the tryptophan-rich sequence is predicted to occur in a loop on the p-side 
of the membrane, where the heme attachment reaction occurs. Conserved histidine residues in the CcsA and Ccsl may serve 
as ligands to the heme iron. A multiple alignment of the tryptophan-rich regions of the CcsA-, CcmC- and CcmF-like 
sequences in the genome databases indicates that they represent three different families. © 1998 Elsevier Science B.V. 
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1. Introduction 
Since their discovery, the c-type cytochromes have 
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been studied extensively with respect o structure and 
catalytic function in electron transfer. Our knowledge 
of these aspects of cytochromes c is extensive. More 
recently, cytochromes c have been explored for the 
study of gene expression and membrane biosynthesis 
in the context of energy metabolism [1-4]. 
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The fact that holocytochrome c formation is cata- 
lyzed was recognized uring the early studies of 
cytochrome c structure, because the thioether link- 
ages between the porphyrin and the polypeptide 
cysteinyl thiols are stereospecific [5]. Wood proposed 
that all of the c-type cytochromes function on the 
p-side of the membrane (i.e. relatively positive 
potential, opposite to the F 1 sector) and recognized 
the issues raised with respect to their biosynthesis [6]. 
Since the apoproteins are located in a compartment 
that is different from their site of synthesis, and 
because the terminal step of heme biosynthesis occurs 
on the n-side of the membrane, three basic steps are 
necessary for holocytochrome c accumulation: (1) 
translocation and processing of the polypeptide, (2) 
synthesis and translocation of heme and (3) covalent 
heme attachment to the apoprotein. The possibility 
that the cytochrome carries its own heme across the 
membrane was discounted early on because studies in 
many organisms had indicated that the polypeptide is
translocated in the apoform and that heme attachment 
occurs on the p-side of the membrane (reviewed in 
[3,7-9]). The assembly of cytochromes c has been 
studied in several organisms, since the distinctive 
compartmentation of the energy transducing mem- 
brane in each organism presents a unique situation 
with respect o the biochemistry of the process. 
2. Cytochrome assembly in animal and fungal 
mitochondria 
The factors required for assembly of fungal and 
animal mitochondrial cytochromes c, the cytochrome 
c- and cl-heme lyases (CCHL and CC1HL), were 
identified through parallel biochemical and genetic 
approaches [10-16]. The enzymes, which appear to 
be specific for their respective apoprotein substrates, 
are located in the intermembrane space and are 
suggested to bind heme via a binding site containing 
a Cys-Pro-Val motif found in all CC/C~ HLs (Table 
1A). For CC~HL, the partially processed intermediate 
form is the substrate, and complete processing to the 
mature form is dependent on heme attachment 
[13,17]. The cysteinyl thiols and the heme iron must 
be in the reduced form for the reaction. This can be 
accomplished in vitro by the addition of reduced 
nicotinamide and flavin nucleotides or thiol reducing 
agents, but the biochemistry of reduction or mainte- 
nance of the reduced state in vivo is not known. 
Thiol-disulfide oxidoreductases, which are critical 
for cytochrome maturation in bacteria, have not yet 
been identified as necessary components for cyto- 
chrome maturation i mitochondria [18]. Likewise, it 
is not known whether or not heme delivery to the 
mitochondrial lyase is catalyzed. 
Cytochrome c and c l assembly in animal mito- 
chondria is probably analogous to the fungal path- 
ways because homologues of CC/C~HLs have been 
identified in the Caenorhabditis elegans, mouse and 
human genomes [19,20]. The human homologue 
(HCCS, for holocytochrome c synthetase) is a candi- 
date for an X-linked male lethal disorder, which 
emphasizes the importance of cytochrome biogenesis 
pathways. 
3. Cytochrome assembly in the or- and ~/- 
proteobacteria, plant and protozoan 
mitochondria, and the archaea 
Cytochrome c biogenesis has been studied in 
metabolically diverse bacteria through the characteri- 
zation of cytochrome-deficient mutants (reviewed in 
[3,9]). This approach was necessitated because bio- 
synthetic intermediates are difficult to visualize in 
wild-type cells [21]. In addition to the typical soluble 
cytochrome c and the membrane-anchored c-cyto- 
chrome of Complex III, some of these bacterial 
species can synthesize a wide variety of other c-type 
cytochromes, depending on the induction of specific 
metabolic pathways. With the exception of the cycH 
mutants, the cytochrome c assembly deficient mu- 
tants of bacteria generally exhibit a pleiotropic yto- 
chrome-minus phenotype and, therefore, also pleiot- 
ropic metabolic deficiencies. This phenotype is differ- 
ent from that observed for the S. cerevisiae or N. 
crassa CC/C1HL-deficient mutant strains, which 
show a specific loss of either cyt c or c 1. The 
wild-type alleles of the affected genes were cloned 
from Rhodobacter capsulatus (hel, ccl loci), Brady- 
rhizobium japonicum (cyc loci) and Paracoccus 
denitrificans by complementation of the mutant 
phenotypes [22-26]. Homologues of the ccl/hel and 
cyc genes were found more recently through charac- 
terization of various respiratory or photosynthetic 
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mutants in other bacteria or through genome sequenc- 
ing efforts (Haemophilus influenzae, Escherichia 
coli) and, when tested, their role in cytochrome c 
biogenesis was confirmed [27-32]. A unified nomen- 
clature of ccm (cytochrome c maturation) has been 
proposed for these genes [29,30]. 
At least nine ccm genes have been identified in the 
c-type cytochrome assembly pathway of the a- and 
~/-proteobacteria, butnone shows a relationship to the 
CC/CtHLs of mitochondria (Table 1B). Indeed, 
homologues of the CC/CIHLs are not found in any 
of the bacterial genomes equenced as of 3/98. The 
S. cerevisiae genome likewise does not encode 
homologues of the ccm genes. The lack of a relation- 
ship between the or- and "y-proteobacterial cyto- 
chrome assembly genes and the cytochrome c/heme 
lyases of fungal mitochondria indicates that the 
pathways and mechanisms are distinct, and the much 
greater number of genes involved in bacteria suggests 
greater biochemical complexity. 
A model for the function of the Ccm components 
has been postulated on the basis of their subcellular 
location, topological orientation, site-directed muta- 
genesis experiments and biochemical characterization 
of the gene products (see Table 1B; reviewed in 
[3,9]). A "supercomplex" of multiple membrane and 
periplasmic proteins is envisioned to function as a 
c-type cytochrome assembly apparatus, which cata- 
lyzes heme transport (by an ABC-type transporter, 
CcmABCD), apoprotein reduction (by a series of 
periplasmic thiol-disulfide-type oxidoreductases, 
CcmG, CcmH/Ccl2), apoprotein chaperoning (by 
CcmH/CycH) and the lyase reaction (by CcmF). A 
novel tryptophan-rich sequence motif is present in 
CcmC (the substrate binding subunit of the putative 
transporter) and CcmF (the putative lyase subunit) 
and is proposed to represent a heme binding domain 
[3,9,18,52]. Alkaline phosphatase (PhoA)-fusion 
analyses of CcmC and CcmF place the tryptophan- 
rich motif on the periplasmic side, which is compat- 
ible with its proposed heme-binding function [49]. 
CcmC and CcmF also contain conserved histidines 
that may contribute axial ligands to the heme iron 
and, in so doing, may prevent its oxidation. 
Cytochrome biogenesis in the mitochondria of 
some protists and plants as well as in the archaea is 
assumed to parallel the Ccm pathway, because candi- 
date homologues occur in the mitochondrial genomes 
of plants (Arabidopsis, Oenothera, wheat), a protist 
(Reclinomonas americana) and the genomes of two 
species of archaea (Archaeoglobus fulgidus, 
Pyrobaculum aerophilum) ( [33-38]; TIGR database; 
S. Fitz-Gibbon, personal communication). One hy- 
pothesis is that the simple cytochrome assembly 
pathway of fungal and animal mitochondria probably 
represents a more recently evolved mechanism and 
occurs in organisms that carry the more highly 
evolved, so-called derived, mitochondrial genomes 
[18,37]. In this context, it will be interesting to 
determine the mechanisms operating in the mito- 
chondria of green algae, such as Chlamydomonas 
reinhardtii, which carries a derived mitochondrial 
genome but which is often used as a model system 
for the study of plant biochemistry. Specific substrate 
(apoprotein or heme) reduction mechanisms in plant 
or protist mitochondria have not been proposed 
because homologues of CcmH/Ccl2 or CcmG have 
not been identified in these organisms. 
4. Cytochrome assembly in chloroplasts 
Yet a third pathway operates in chloroplasts. In the 
chloroplast, the energy transducing membrane is 
distinct from the inner and outer membranes that 
enclose the organelle. The cytochromes are located in 
the lumen, which is an intemal compartment but is 
topologically analogous to the bacterial periplasm. A
comparison of the mechanism of substrate delivery 
and heme attachment is therefore of interest. C. 
reinhardtii has been used as a model for the study of 
chloroplast cytochrome maturation because the path- 
way intermediates can be visualized readily [8,39- 
41]. C. reinhardtii chloroplasts contain two c-type 
cytochromes, membrane-anchored cytochrome f of 
the b6f  complex and soluble cytochrome c 6. Both 
proteins are synthesized in precursor forms, the 
former is plastid-encoded (petA) while the latter is 
nucleus-encoded (Cyc6). A number of non-photo- 
synthetic b6f-deficient strains of C. reinhardtii were 
noted to exhibit a pleiotropic ytochrome c deficiency 
but no deficiency in any other thylakoid membrane 
polypeptide. Biochemical analyses of these mutants 
localized the defect specifically to the step of heme 
attachment [42,43]. The pleiotropic c-type cyto- 
chrome-specific deficiency is a hallmark of heme 
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attachment mutants and this was exploited to estab- 
lish a collection of cytochrome assembly defective 
strains [44] (Dreyfuss and Merchant, unpublished). 
Genetic analyses of the cytochrome c-synthesis (ccs) 
mutants revealed that a minimum of five nuclear 
(CCS1 through CCSS) and one plastid (ccsA) locus 
are required for heme attachment. Since heme attach- 
ment occurs in the lumen [40], it was suggested that 
the functions of the Ccs factors might be analogous to 
those required for cytochromes c assembly in the 
bacterial periplasm, specifically, heme transport/ 
chaperone, thiol-disulfide oxidoreductase and apo- 
protein chaperone. 
4.1. CcsA 
CcsA 
stroma (n-side) 
thylakoid 
lumen (p-side) 
CcmC 
cytoplasm (n-side) 
membrane 
periplasm (p-side) 
.HJ.HJ.H, flJJ 
 w.L) 
The plastid locus, ccsA, was shown to correspond 
to a previously unassigned open reading frame in the 
chloroplast genome, ycf5 [45]. The 353 amino acid 
open reading frame encodes a highly hydrophobic 
protein that is predicted to traverse the membrane 
several times (Fig. 1, top). A multiple alignment of 
12 plastid CcsA sequences in the genome databases 
indicated that only 81 residues (out of >300) are 
absolutely conserved in all species. The conservation 
is highest at the C-terminus of the protein, which was 
noted previously to contain the tryptophan-rich motif 
found in the bacterial CcmC and CcmF proteins 
[24,26,29]. In CcsA, and also CcmC and CcmF, the 
tryptophan-rich motif is predicted to lie on the p-side 
of the membrane, which is compatible with a role in 
substrate delivery to a lumen/periplasmic lyase or a 
more direct role in substrate binding during the heme 
attachment reaction. Mutational analysis of the motif 
indicates that the second and third tryptophans and 
the aspartic acid of the tryptophan-rich (WG-W-WD) 
motif are important for CcsA function, which con- 
firms the significance of the sequence for cytochrome 
assembly (Dreyfuss, Xie and Merchant, unpublished). 
Besides the common tryptophan-rich motif, CcsA, 
CcmC and CcmF also contain conserved histidine 
residues, two of which are predicted to lie in or near 
p-side loops in positions where they might con- 
ceivably participate in heme binding via the 
tryptophan-rich region (Fig. 1). Again, mutational 
analysis of the histidines authenticates their impor- 
tance for CcsA function (Dreyfuss, Xie and Mer- 
chant, unpublished). 
CcmF 
cytoplasm (n-side) r=~ f '~  f '~  ~ f~ (.~coo- 
membrane °~b~L~,~J*LH 'H'L~ 
pcriplasm (p-side) ~ 
Fig. I. Topological arrangement of the CcsA family compared to Ccm 
C/HelC and CcmF/Ccll of Rb. capsulatus [49]. The model of C. 
reinhardtii CcsA is constructed based on the prediction of membrane 
topology for the entire reading frame by the PHD algorithm (Profile fed 
neural network system from Heidelberg) [50,51]. The alignment of 12 
chloroplast and cyanobacterial CcsA sequences, generated by the Pileup 
program of the UW GCG package, was used as the input for the program. 
The reliability score for the topology prediction is eight (zero-nine scale). 
The first two segments may not exist in the mature protein; that portion of 
the protein is not conserved and may therefore represent a targeting 
sequence. The C-terminal portion of CcsA is the most highly conserved 
[45], and its predicted topology is supported by PhoA- and LacZ-fusion 
analyses ( [49], Dreyfuss, Xie and Merchant, unpublished). WWD stands 
for the motif WG-W-WD [9,52]. The positions of this conserved 
tryptophan-rich motif and also two conserved hisfidine residues are 
shown. The histidines and the tryptophan-rich motif are important for 
CcsA function in C. reinhardtii (Dreyfuss, Xie and Merchant, un- 
published). The model of CcmC/HelC was also constructed on the basis 
of the prediction by the FHD algorithm [50,51]. The Rb. capsulatus 
sequence (whose topology is supported by PhoA- and LacZ-fusion 
analyses [49]) was used as the input for the program. The prediction is 
based on the alignment of seven CcmC/HeIC homologues by the 
program. The reliability score for the prediction is nine. The model of 
Ccll/CcmF is adapted from that presented in ref. [49]. 
In addition to the 12 plastid CcsA sequences, 
homologues were identified also in the Synechocystis 
sp. 6803, Bacillus subtilis and Mycobacterium spp. 
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genomes (Fig. 2A). The function could not be tested 
in cyanobacteria or B. subtilis because the gene 
appears to be essential, and an attempt has not yet 
been made to test its function in Mycobacterium spp. 
Nevertheless, it should be noted that, in B. subtilis, 
the homologue (ResC) has been hypothesized to 
function in the respiratory pathway, based on its 
coordinate regulation with the qcr/pet operon (which 
encodes the subunits of the respiratory b-c complex) 
[46]. 
Despite the conservation of the tryptophan-rich 
motif and the histidine residues, we suggest hat 
CcsA is not a true homologue of the bacterial or plant 
mitochondrial CcmC and CcmF polypeptides. A
multiple alignment of all CcsA, CcmC and CcmF 
sequences indicates that the conservation between 
them is restricted to the tryptophan-rich motif and the 
histidine residues (Fig. 1A). A phylogenetic tree 
based on this alignment indicates a closer elationship 
between CcsA and CcmC (Fig. 1B), which might 
indicate that CcsA is functionally equivalent to CcmC 
(a candidate heme transporter subunit) rather than to 
CcmF (a candidate lyase subunit). When the predicted 
topologies of the three proteins are compared, CcsA 
again seems to be more similar to CcmC than to 
CcmF (Fig. 1). For CcmF, the putative iron-liganding 
histidine is in the same loop as the tryptophan-rich 
motif, while in CcsA, the functionally equivalent 
histidine is separated by two transmembrane s g- 
ments (Fig. 2). 
4.2. Ccs l 
Ccsl of C. reinhardtii was cloned by exploiting a
tagged allele [47]. The protein is also membrane- 
associated through three putative transmembrane 
segments in the N-terminal half; the C-terminal half 
is hydrophilic and is predicted to lie on the lumen 
side. Ccsl is not as well-conserved as CcsA. Ccsl 
homologues in Synechocystis sp. 6803 and in the 
plastid genomes of red algae show only 25-33% 
sequence identity in pairwise comparisons, while 
homologues in the gram-positive bacteria display 
only 11-12% sequence identity over the length of the 
open reading frame. Ccsl is unrelated to any of the 
ccm gene products mentioned above, and homo- 
logues do not occur in either the S. cerevisiae, C. 
elegans or EST databases as of 3/98. Indeed, they 
occur only in organisms that also encode CcsA, 
suggesting that the two proteins function together in a 
cytochrome assembly pathway that is distinct from 
the previously discussed ones of fungal mitochondria 
or the a- and ~/-proteobacteria (see above). In the 
gram-positive bacteria, Ccs l-like and CcsA-like open 
reading frames are encoded in an operon-like ar- 
rangement [44], which is compatible with their 
function in a common pathway and supports the 
identification of Ccsl in these organisms, despite the 
weak sequence relationship. 
Immunoblot analysis of CcsA and Ccsl abundance 
indicates that in C. reinhardtii, both are thylakoid 
membrane proteins. CcsA does not accumulate either 
in ccsA or in ccsl mutants [44]; likewise, Ccsl does 
not accumulate in ccsA strains (Dreyfuss, Nakamoto 
and Merchant, unpublished). The accumulation of 
each protein therefore depends on the presence of the 
other, which suggests that they may be physically 
associated in vivo. 
4.3. Other Ccs factors 
A minimum of four other proteins must function in 
chloroplast cytochrome assembly [44]. At least one 
of these is likely to be a thiol-disulfide oxidoreduc- 
tase. This hypothesis is based on the demonstrated 
necessity for such an activity in the bacterial perip- 
lasm and also because the ccsA-ccsl-containing 
operons in B. subtilis, Mycobacterium leprae and 
Mycobacterium tuberculosis encode a thioredoxin- 
like protein (Table 1). Another of the uncharacterized 
CCS loci is likely to encode a chloroplast homologue 
of B. subtilis CcdA, which is required for the 
accumulation of all c-type cytochromes in this organ- 
ism [48]; homologues of CcdA are linked to ccsA and 
ccs l in the Mycobacterium spp. In Porphyra pur- 
purea as well, the plastid genome ncodes a CcdA- 
homologue, which is physically linked to ccsl in an 
operon-like arrangement. 
5. Summary 
Cytochrome maturation in the chloroplast is a 
complex process that is catalyzed by a multi-com- 
ponent system on the lumen side of the thylakoid 
membrane. Two of these components have been 
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cloned and localized to the thylakoid membrane, but 
their specific biochemical functions in the assembly 
pathway (lyase vs. transport vs. chaperone) need to 
be demonstrated. While the argument for a heme- 
binding function of the tryptophan-rich motif is 
compelling, supporting experimental data are lacking 
in either the chloroplast or the bacterial systems. The 
occurrence of an essential enzyme, such as CcsA in 
pathogenic organisms (Mycobacterium spp., H. 
pylori) and plants, but not in mammals, makes it a 
possible target for anti-microbials or herbicides. 
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